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Broadband adiabatic conversion of light polarization
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A broadband technique for robust adiabatic rotation and conversion of light polarization is pro-
posed. It uses the analogy between the equation describing the polarization state of light propa-
gating through an optically anisotropic medium and the Schro¨dinger equation describing coherent
laser excitation of a three-state atom. The proposed technique is analogous to the stimulated Ra-
man adiabatic passage (STIRAP) technique in quantum optics; it is applicable to a wide range of
frequencies and it is robust to variations in the propagation length and the rotary power.
PACS numbers: 42.81.Gs, 32.80.Xx, 42.25.Ja, 42.25.Lc
I. INTRODUCTION
A simple way to describe the polarization state of light,
which has been known for many years in optics, is by
the Stokes vector, which is depicted as a point on the
so-called Poincare´ sphere [1–5]. The Stokes vector, for
instance, is a particularly convenient tool to describe
the change of the polarization state of light transmitted
through anisotropic optical media [2–4].
The equation of motion for the Stokes vector in a
medium with zero polarization dependent loss (PDL) has
a torque form [6–8]. This fact has been used recently to
draw analogies between the motion of the Stokes vector
and a spin- 1
2
particle in nuclear magnetic resonance and
an optically driven two-state atom in quantum optics,
both described by the Schro¨dinger equation [9–12].
Here we propose a technique for controlled robust con-
version of the polarization of light transmitted through
optically anisotropic media with no PDL. The tech-
nique is analogous to stimulated Raman adiabatic pas-
sage (STIRAP) in quantum optics [13–15] and hence en-
joys the same advantages as STIRAP in terms of effi-
ciency and robustness.
For any traditional polarization devices the rotary
power (the phase delay between the fast and slow eigen-
polarizations) scales in proportion to the frequency of
the light and thus such devices are frequency dependent:
a half-wave plate is working for exactly one single fre-
quency. On the contrary, the adiabatic polarization con-
version proposed here is frequency independent : any in-
put polarization will be transformed to the same output
polarization state regardless of the wavelength. It acts
intrinsically as a broadband device limited only by the
absorptive characteristics of the device instead of its bire-
fringence bandwidth. Moreover, the proposed technique
is robust against variations in the length of the device, in
the same fashion as quantum-optical STIRAP is robust
against variations in the pulse duration.
II. STOKES POLARIZATION VECTOR
We first consider a plane electromagnetic wave travel-
ing through a dielectric medium in the z direction. The
medium is anisotropic and with no PDL, therefore the
polarization evolution is given with the following torque
equation for the Stokes vector [2–4, 6–9, 11, 12]:
d
dz
S(z) = Ω(z)× S(z), (1)
where z is the distance along the propagation direction,
and S(z) = [S1(z), S2(z), S3(z)] is the Stokes polariza-
tion vector shown in Fig. 1. Every Stokes polarization
vector corresponds to a point on the Poincare´ sphere
and vice versa. The right circular polarization is rep-
resented by the north pole, the left circular polarization
by the south pole, the linear polarizations by points in
the equatorial plane, and the elliptical polarization by
the points between the poles and the equatorial plane.
Ω(z) = [Ω1(z),Ω2(z),Ω3(z)] is the birefringence vector
of the medium: the direction of Ω(z) is given by the slow
eigenpolarization and its length |Ω(z)| corresponds to the
rotary power.
III. SCHRO¨DINGER EQUATION FOR A
THREE-STATE QUANTUM SYSTEM
When one of the components of the vector Ω(z) is
zero, then Eq. (1) is mathematically equivalent to the
Schro¨dinger equation for a coherently driven three-state
quantum Λ system on exact resonances with the carrier
frequencies of the external fields. This is readily seen
by examining the time-dependent Schro¨dinger equation,
which in the rotating-wave approximation (RWA) reads
i~
d
dt
c(t) = H(t)c(t). (2)
Here c(t) is a column vector of the probability amplitudes
cn(t) (n = 1, 2, 3) of the three states ψ1, ψ2 and ψ3, and
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FIG. 1: (Color online) Poincare´ sphere representation of po-
larization states. The Stokes polarization vector S(z) follows
adiabatically the birefringence vector Ω(z). (a) Linear po-
larization is rotated by 45◦ (corresponding to 90◦ rotation of
the Stokes vector); (b) linear polarization is transferred into
right circular polarization; (c) horizontal linear polarization
is transferred into vertical linear polarization; (d) left circular
polarization is transferred into right circular polarization.
H(t) is a 3× 3 Hamiltonian matrix [13–15],
H(t) =
~
2

 0 Ω1(t) 0Ω1(t) 0 Ω2(t)
0 Ω2(t) 0

 . (3)
We have here assumed both two-photon and single-
photon resonances. The two slowly varying Rabi frequen-
cies Ω1(t) and Ω2(t) parameterize the strengths of each of
the two fields; they are proportional to the dipole tran-
sition moments dij and to the electric-field amplitudes
Ek(t): Ω1(t) = −d12·E1(t) and Ω2(t) = −d23·E2(t);
hence each of them varies as the square root of the cor-
responding intensity.
The quantum evolution associated with the Λ system is
easily understood with the use of adiabatic states, i.e. the
three instantaneous eigenstates ϕk(t) of the RWA Hamil-
tonian (3). The adiabatic state ϕ0(t) corresponding to a
zero eigenvalue is particularly noteworthy, because it has
no component of state ψ2,
ϕ0(t) =
Ω2(t)√
Ω2
1
(t) + Ω2
2
(t)
ψ1 −
Ω1(t)√
Ω2
1
(t) + Ω2
2
(t)
ψ3. (4)
This state therefore does not lead to fluorescence and
is known as a dark state [13–15]. If the motion is adi-
abatic [13–15], and if the state vector Ψ(t) is initially
Z
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FIG. 2: (Color online) Fiber optics setup with overlapping
horizontal and vertical linear birefringent sections induced by
z dependent stress (Case A). The magnitude of horizontal
and vertical stress is represented by initially increasing then
decreasing, in length, red and green arrows.
aligned with the adiabatic state ϕ0(t), then the state vec-
tor remains aligned with ϕ0(t) throughout the evolution.
This occurs if the pulses are ordered counterintuitively,
Ω2(t) before Ω1(t): then the composition of the dark
state ϕ(t) will progress from initial alignment with ψ1 to
final alignment with ψ3. Hence in the adiabatic regime
the complete population will be transferred adiabatically
from state ψ1 to state ψ3. This important feature of
complete transfer under full control has made STIRAP
a widespread preparation technique for experiments re-
lying on precise state control [14, 15]. The formalism
can be applied to other systems, including classical ones
[16–18], by making use of the similarity of the respective
equations to Eqs. (2) and (3).
IV. ADIABATIC CONVERSION OF LIGHT
POLARIZATION
Returning to light polarization, two special cases are
particularly interesting.
Case A: Ω3(z) = 0. With the redefinition of vari-
ables S1(t) = −ic3(t), S2(t) = ic1(t), S3(t) = −c2(t),
the Schro¨dinger equation (2) turns into the form (1), if
we map the time dependance into the coordinate depen-
dance. By using this analogy we can write down a super-
position σ(z) of the polarization components S1(z) and
S2(z) of the Stokes vector, which corresponds to the dark
state ϕ0(t), Eq. (4):
σ(z) =
Ω1(z)S1(z) + Ω2(z)S2(z)
|Ω(z)|
. (5)
When Ω1(z) precedes Ω2(z) the polarization superpo-
sition (5) has the following asymptotic values
S1(zi)
zi←z←− σ(z)
z→zf
−→ S2(zf). (6)
3Thus if initially the light is linearly polarized in horizon-
tal direction, S(zi) = (1, 0, 0), we end up with a linearly
polarized light rotated by 45◦, S(zf ) = (0, 1, 0) (see Fig. 1
(a)). The process is reversible; hence if we start with a
linear polarization rotated by 45◦ and apply a reverse
field order (Ω2(z) preceding Ω1(z)) this will lead to re-
versal of the direction of motion and we will end up with
a linear polarization in a horizontal direction.
Following quantum-optical STIRAP, we can write
down the condition for adiabatic evolution as [14, 15]
∫ L
0
|Ω(z)| dz ≫ 1. (7)
For example, for adiabatic evolution it suffices to have∫ L
0
|Ω(z)| dz & 6pi. Here L is the thickness of the medium
and the length of the birefringence vector is given by
|Ω(z)| = 2pi∆n/λ, where λ is the wavelength of the light,
∆n is the difference between the refractive indices for or-
dinary and extraordinary rays. Then the adiabatic con-
dition reads
L∆n & 3λ. (8)
The last condition shows that the process is robust
against variation in the parameters, for example, the
wavelength λ and the propagation length L. This condi-
tion is readily fulfilled, by orders of magnitude, in many
birefringent materials.
Case B: Ω2(z) = 0. Following a similar argumenta-
tion as for Case A and interchanging the Stokes vector
components S1(z) and S3(z) we can write down a “dark”
superposition σ(z) of the polarization components S1(z)
and S3(z) of the Stokes vector,
σ(z) =
Ω1(z)S1(z) + Ω3(z)S3(z)
|Ω(z)|
. (9)
If initially the light is linearly polarized, S(zi) = (1, 0, 0),
then by arranging Ω1(z) to precede Ω3(z), we end up
with a right circular polarization, S(zf ) = (0, 0, 1), as
depicted by the north pole on the Poincare´ sphere in
Fig. 1 (b), because the polarization superposition (9) has
the asymptotic values
S1(zi)
zi←z←− σ(z)
z→zf
−→ S3(zf ). (10)
The process is again reversible: starting with a right cir-
cular polarization, and applying Ω3(z) before Ω1(z) we
end up with a linear polarization.
We note that a numerical prediction of broadband con-
version from circular polarized light into linearly polar-
ized light for the wavelength range 434 nm to 760.8 nm
for crystalline quartz was made by Darsht et al. [19].
Here this effect emerges as a special case of our general
adiabatic frame of STIRAP analogy.
The adiabatic polarization conversion could be demon-
strated with a single-mode fiber, which exhibits both
stress-induced linear birefringence and circular birefrin-
gence (either by the Faraday effect or by a torsion of
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FIG. 3: (Color online) Similar to Fig. 2 except that the stress
induced linear birefringence has been replaced by an circular
birefringent section generated through the Faraday effect and
a magnetic field along z direction (Case B). The increasing
and decreasing number of turns in the spool indicate changes
in magnetic field.
the fiber) [1]. Possible implementations are depicted in
Figs. 2 (for Case A) and 3 (for Case B).
The technique proposed here is not limited to linear-
linear or circular-linear conversions, but it is also appli-
cable for arbitrary transformations of light polarization.
For example the conversion between right circular and
left circular polarization is analogous to adiabatic pas-
sage via a level crossing [15]. To this end, we first start
up with Ω3(z), then we activate Ω1(z), then let Ω3(z)
change sign while Ω1(z) is having its maximal value, and
then gradually make Ω3(z) to fade away.
We can also change the polarization from linear to
elliptical if we first begin with Ω1(z), then we activate
Ω3(z), and then let Ω1(z) and Ω3(z) simultaneously fade
away [cf. Eq. (9)]; this sequence is known in quantum
optics as fractional STIRAP [20].
V. EXACT SOLUTION
As an example of polarization conversion we present
here an exact analytic solution to the Stokes polarization
equation (1) for the slowly varying birefringence compo-
nents given by trigonometric functions:
Ω1(z) = Ω0 sin(zpi/L), (11a)
Ω3(z) = Ω0 cos(zpi/L). (11b)
We assume that initially the Stokes vector is S(z = 0) =
(0, 0, 1), i.e. the polarization is right circular. Then the
solution for the Stokes vector components as a function
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FIG. 4: (Color online) Top frame: birefringence vector com-
ponents as a function of the propagation length when the
components are given as in Eq. (11). Middle frame: the
evolution of the Stokes polarization vector components for
Ω0 = 20/L, adiabatic evolution start to work. Bottom frame:
the evolution of the Stokes polarization vector components for
Ω0 = 100/L with better adiabatic evolution, smaller ripples
on the curves, compare with the middle frame.
of z reads
S1(z) =
Ω20L
2 + cos
(
piz
√
 L2 +Ω2
0
)
1 + Ω2
0
L2
sin
(piz
L
)
−
sin
(
piz
√
 L2 +Ω2
0
)
√
1 + Ω2
0
L2
cos
(piz
L
)
, (12a)
S2(z) =
2Ω0L
1 + Ω2
0
L2
sin2
(
piz
2
√
 L2 + Ω2
0
)
, (12b)
S3(z) =
Ω20L
2 + cos
(
piz
√
 L2 +Ω2
0
)
1 + Ω2
0
L2
cos
(piz
L
)
+
sin
(
piz
√
 L2 +Ω2
0
)
√
1 + Ω2
0
L2
sin
(piz
L
)
, (12c)
where  L = 1/L. The adiabatic evolution takes place
when Ω0L≫ 1;
For z = L/2 (quarter period) we have
S1(L/2) =
Ω20L
2 + cos
(
pi
2
√
1 + Ω2
0
L2
)
1 + Ω2
0
L2
Ω0L≫1−→ 1, (13a)
S2(L/2) =
2Ω0L
1 + Ω2
0
L2
sin2
(
pi
4
√
1 + Ω2
0
L2
)
Ω0L≫1−→ 0,
(13b)
S3(L/2) =
sin
(
pi
2
√
1 + Ω2
0
L2
)
√
1 + Ω2
0
L2
Ω0L≫1−→ 0. (13c)
This case exemplifies the conversion between circular and
linear polarization via STIRAP-like adiabatic process, as
illustrated in Fig. 4 (at the point z = L/2).
For z = L (half period) we have
S1(L) =
sin
(
piz
√
 L2 +Ω2
0
)
√
1 + Ω2
0
L2
Ω0L≫1−→ 0, (14a)
S2(L) =
2Ω0L
1 + Ω2
0
L2
sin2
(
piz
2
√
 L2 +Ω2
0
)
Ω0L≫1−→ 0,
(14b)
S3(L) = −
Ω20L
2 + cos
(
piz
√
 L2 +Ω2
0
)
1 + Ω2
0
L2
Ω0L≫1−→ −1. (14c)
(14d)
This case exemplifies the conversion between right circu-
lar and left circular polarization via level crossing adia-
batic process, which is illustrated in Fig. 4 (at the point
z = L).
VI. CONCLUSION
In conclusion, we have shown that the powerful tech-
nique of STIRAP, which is well-known in quantum op-
tics, has an analogue in the evolution of light polariza-
tion described by the equation for the Stokes vector. The
factor that enables this analogy is the equivalence of the
Schro¨dinger equation for a resonant three-state Λ system,
to the torque equation for the Stokes vector. The pro-
posed technique transforms polarization with the same
efficiency and robustness as STIRAP, therefore a polar-
ization device based on this scheme is frequency indepen-
dent and it is robust against variations of the propagation
length, in contrast to the other well-known methods for
conversion of light polarization.
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